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lings; its apoprotein is encoded by the PHYA gene (Dehesh et al., 1993; Nagatani et al., 1993; Parks and Quail, 1993; Whitelam et al., 1993) . Type I1 phytochrome is the lightstable phytochrome present in low levels in dark-grown seedlings and light-grown plants (Smith and Whitelam, 1990) . At the present time, PhyB, encoded by the PHYB gene, is the only functionally characterized type I1 phytochrome apoprotein (Somers et al., 1991; Reed et al., 1993) , but a recent report suggests that the proteins encoded by PHYC, PHYD, and PHYE genes are also type 11 phytochrome apoproteins (Clack et al., 1994) . Blue/UV-A receptors (blue light receptors) also participate in light perception and affect regulation of gene expression in plants (Fluhr and Chua, 1986; Marrs and Kaufman, 1989; Wehmeyer et al., 1990) . Recently, the gene at the ky4 locus of A. tkaliana was isolated (Ahmad and Cashmore, 1993) ; this probably encodes the first identified protein moiety of a plant blue-light receptor, although prior to this study it had not been shown to be functionally involved in light regulation of gene expression. Previously, the blue-light receptor of plants was known only from biochemical and genetic studies.
Our research interests include determining whether specific photoreceptors or combinations of photoreceptors are associated with light regulation of plant gene expression. To approach this problem we have characterized the effects of different spectral ranges of visible light on gene expression in A. thaliana seedlings. Six-day-old etiolated seedlings of A. tkaliana are a convenient model system for these studies because of the developmental uniformity of the population and the relative ease with which experimental manipulations can be carried out. In addition, a large number of photomorphogenetic mutants of A. tkaliana have been isolated, and the mutant alleles of severa1 of these have been isolated and characterized.
Abbreviations: PATP, nuclear gene encoding P subunit of mitochondrial ATP synthase; CAB, nuclear genes encoding Chl a/b binding proteins; cR, cB, cW, cFl7, continuous red, blue, white, and far-red light, respectively; FR, far-red; GAPA, GAPB, GAPC, nuclear genes encoding A, B, and C subunits of GAPDH, respectively; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HIR, high-irradiance response; HY4, nuclear gene encoding a putative blue-light receptor; PhyA, phytochrome A; PhyB, phytochrome B; PHYA, PHYB, PHYC, PHYD, PHYE, nuclear genes encoding phytochrome apoproteins; RBCL, chloroplast gene encoding large subunit of Rubisco; RBCS, nuclear genes encoding small subunits of Rubisco; TUB, nuclear genes encoding tubulin proteins; WT, wild type. Plant Physiol. Vol. 108, 1995 Three members of the long hypocotyl class of photomorphogenetic mutants first described by Koornneef et al. (1980) were used in the present study. Seedlings of the phyA-101 (formerly hy8-1) mutant are etiolated when grown under cFR but develop normally under red or blue light (Parks and Quail, 1993) . phyB-1 (formerly hy3-Bo64) develops an etiolated phenotype when germinated and grown under cR, but develops normally in response to FR or blue light. hy4 (the hy4-2.23N allele isolated by Koornneef et al. [1980] ) has an etiolated phenotype under cB, but develops normally under red and FR light (Koornneef et al., 1980) . Light induction of nuclear genes has been demonstrated numerous times to be commonly (although not exclusively) due to an increase in the rate of transcription of genes (for reviews, see Kuhlemeier et al., 1987; Thompson, 1991) . When mJWA turnover is constant, this can be detected as an increased quantity of a given mRNA species relative to total RNA. Such changes in steady-state mRNA are readily detected for families of light-regulated genes such as RBCS and CAB. We used probes to two nuclear genes of A. thaliana, GAPA and GAPB, to compare gene expression in WT and mutant seedlings. These genes encode the A and B subunits, respectively, of chloroplast isozymes of GAPDH (Shih et al., 1991) . Increases in the transcription rates of the GAPA and GAPB genes of Nicotiana tabacum (tobacco) occur in light-induced plants, as shown by in vitro nuclear run-on transcription experiments (Shih and Goodman, 1988) . Studies using A. thaliana GAPA and GAPB gene 5' upstream sequence::reporter gene fusion constructs in transgenic tobacco showed that light also induces increased rates of transcription of the GAPA and GAPB genes of A. thaliana (Conley et al., 1994; Kwon et al., 1994) . Finally, we also know that both phytochrome and a bluelight photoreceptor participate in the light regulation of GAPA and GAPB gene expression in A. thaliana seedlings, and that the maximum detected steady-state mRNA leve1 of both of these genes is significantly greater in response to cB than in response to cR (Dewdney et al., 1993) . We also used RBCS and CAB gene probes as markers in the experiments presented here, since they represent two well-characterized gene families.
In addition to the effects of light acting through photoreceptors, intrinsic factors influence gene expression. One of the most intriguing of these is the presence of functional chloroplasts in plant cells. Expression of nuclear genes encoding chloroplast-localized proteins such as CAB and RBCS is greatly reduced or not detectable when chloroplast function or development is inhibited (reviewed by Oelmül-ler, 1989) . The coordination of nuclear and plastid genome expression that occurs in plant cells is presumed to be the result of a signal transduction pathway existing between chloroplasts and the plant cell nucleus (reviewed by Susek and Chory, 1992) . Lending credence to this hypothesis is the recent isolation of severa1 nonallelic recessive nuclear gene mutations of A. thaliana, in which expression of CAB and RBCS genes is uncoupled from development of chloroplasts (Susek et al., 1993) . Our results (presented in this paper) suggest that the GAPA and GAPB genes are coordinately regulated with RBCS gene expression in A. thaliuna. Therefore, we examined the expression of these genes under conditions known to result in photooxidative destruction of chloroplasts, a situation in which expression of RBCS genes appears abolished (Susek at al., 1993) , to determine whether expression of the GAPA and GAPB genes exhibits a similar dependence on functional chloroplasts.
The results presented here show that the blue-light receptor moiety encoded by the HY4 gene is required for the full expression of GAPA, GAPB, and RBCS genes by CW or cB. PhyA, encoded by the P H Y A gene, is required for expression of GAPA, GAPB, RBCS, and CAB genes under FR light illumination conditions. In addition, the GAPA and GAPB genes, like the RBCS, CAB, and RBCL genes, require the presence of functional chloroplasts for full light-induced expression to occur.
MATERIALS A N D METHODS

Plant Cenotypes
Seed stocks of WT Arabidopsis thaliana (L.) Heynh. were derived from the Columbia ecotype. Seed stocks of phyA-101 (formerly hy8-1) were derived from seeds provided by Peter Quail. Seed stocks of phyB-1 (formerly hy3-Bo64) were derived from laboratory stocks descended from the Koorneeff et al. (1980) isolates. Seed stocks of hy4 (hy4-2.23N) were derived from seeds obtained from the Arabidopsis Biological Resource Center at The Ohio State University. The standardized nomenclature format for phytochrome mutants proposed by Quail et al. (1994) has been used in this paper.
Plant Crowth Conditions
Small aliquots (approximately 40 mg) of seeds were surface sterilized in 1.5% NaOCl for 25 min and then rinsed five times with sterile water. Seeds were combined with 4 mL of Murashige and Skoog basal salts with minimal organics medium (Sigma) and 0.5% (w/v) SUC and transferred onto two pieces of sterile filter paper in sterile 10-cm-diameter glass Petri plates. Plates were sealed, wrapped in aluminum foil, and kept in darkness at 4°C for 3 d. Plates containing seeds that had imbibed were equilibrated to room temperature and then received a 5-min exposure to red light (19 pmol photons m-'s-') before being placed into a dark incubator, where they were maintained at 20°C for 6 d.
Light Sources
Light sources for continuous light irradiation experiments were as follows: red (19 pmol photons m-' s-I), four white fluorescent lamps (Sylvania F20T12/CW) with a red Plexiglas 3-mm filter (Rohm and Haas No. 2423 
RNA Manipulations
Seedlings that had previously been harvested into liquid nitrogen and stored at -70°C were used as sources of RNA. Total RNA was purified by lithium chloride precipitation as described by Sharrock and Quail (1989) . RNA samples (5-10 pg) were denatured in 6.5% formaldehyde, 50% formamide at 65°C and electrophoresed through 1.2% agarose gels with 6.5% formaldehyde, 1 X Mops buffer as described by Sambrook et al. (1989) . Ethidium bromide staining was used to visualize RNA for photography. Gels were soaked in water, followed by 1OX SSC (1 X SSC is 0.015 M NaCl and 0.0015 M Na,C6H,0,.2H,0, pH 7) before capillary transfer to Magnacharge 0.45-pm nylon membranes (Micron Separations, Inc., Westboro, MA). Membranes were baked for 1 h at 80°C before subsequent use. RNA slot blotting was performed by denaturing 5-pg aliquots of RNA as described by Sambrook et al. (1989) ; these were applied to nitrocellulose membranes using a Bio-Dot SF blotting apparatus (Bio-Rad) according to the manufacturer's recommendations. Nitrocellulose membranes were air dried prior to baking under vacuum for 2 h at 80°C. Prehybridizations were performed in an excess of 0.25 M sodium phosphate, pH 7.2, with 7% (w/v) SDS, 1% (w/v) BSA, and 0.5 mM EDTA, pH 8. Hybridizations were carried out at 65°C overnight in fresh prehybridization solution in the presence of a 5 X 106 cpm/mL probe. Final posthybridization washings were performed at 65°C in 0.1X SSC, 0.1% (w/v) SDS. Membranes were exposed to Kodak XAR-5 film with DuPont Lightning Plus intensifying screens at -70°C. Quantitation was performed either by direct scintillation counting, in the case of slot blots, or by scanning autoradiograms (Imapro model QCS-3200, Ottawa, Canada) and analyzing the images using the '"trace" software program written by engineers at the University of Iowa Image Analysis Facility.
Hybridization Probes
The A. thaliana GAPA, GAPB, and CAB gene cDNA probes were described by Dewdney et al. (1993) . The RBCS probe is an approximately 500-bp EcoRI fragment isolated from an A. thaliana RBCS3B gene cDNA clone. The RBCL probe used here is an approximately 500-bp BamH1-HindIII fragment isolated from pTB5 and contains most of the tobacco RBCL gene (Shinozaki and Sugiura, 1982) . The PATP probe is an approximately I-kb EcoRI-HindIII fragment isolated from pZLl and obtained as clone number 39GlT7 from the Arabidopsis Biological Resource Center.
The TUB probe is an approximately 900-bp EcoRI-HindIII fragment isolated from pZLl and obtained as clone number 41F10T7 from the Arabidopsis Biological Resource Center. Probes were labeled to >2 X 10' specific activity by the random primer labeling technique (Feinberg and Vogelstein, 1983 ).
RESULTS
The Blue-Light Receptor Moiety Encoded by the HY4
Cene Participates in Blue-Light-Mediated Regulation of GAPA, GAPB, and RBCS Cenes Six-day-old dark-grown WT and hy4 seedlings were irradiated with cR for 24 h; seedlings were then either kept under cR for an additional24 h or were irradiated with cB for 24 h. Whole seedlings used for RNA isolation were harvested 24, 28, 36, and 48 h after the onset of light treatment. Duplicate northern blots were hybridized successively no more than twice to GAPA, GAPB, XBCS, and TUB or pATP probes. Under the hybridization and posthybridization conditions used, G A P A and GAPB probes distinguish between cognate transcripts. The RBCS and CAB probes used in experiments described in this paper do not distinguish between individual members of their respective gene families. Steady-state mRNA levels of two A. thaliana nuclear genes, TUB and PATP, were used as controls for variations in RNA quantities in these experiments. Steady-state mRNA levels of TUB genes have been used previously as constitutive controls (Pilgrim et al., 1993) , and both gene probes used as controls detect constitutive expression under the experimental conditions presented here (data not shown). Where control hybridizations revealed marked differences in RNA content between samples, standardization of densitometric data was performed in accordance with predicted differences in sample size. Densitometric data were plotted as a percentage of the maximum mRNA detected for each experiment. Figure 1 shows typical northern blot results obtained for WT and hy4, and corresponding plots of densitometric data are shown in Figure 2 . These experiments were carried out twice, with similar results both times. Results from control experiments with WT seedlings showed that GAPA, GAPB, and RBCS steady-state mRNA levels increased substantially from the 24-h cR leve1 during the subsequent 24-h cB irradiation (compare cR lanes with 24 cR + B lanes, Fig.   1A ). The maximum detected cR steady-state mRNA levels of GAPA and GAPB in WT were approximately 60% of the maximum detected after 24 h of CW (lane W24, Fig. 2 ) or at the end of the blue-light treatment (lanes R24 + B, Fig. 2 ), in agreement with previous results (Dewdney et al., 1993) . RBCS mRNA levels showed similar increases in WT seedlings. In both WT and hy4 seedlings, maximum steady-state mRNA levels of GAPA, GAPB, and RBCS were fairly constant in the R24, R28, R36, and R48 samples (Fig. 2) . In contrast, in hy4 seedlings there were no increases in the amount of steady-state mRNAs during the 24-h cR + 24-h cB irradiation for the GAPA, GAPB, and RBCS genes (compare cR lanes with 24 cR + B lanes, Fig. lB, and see Fig. 2 ). 
Role of Phytochromes and a Blue-Light Receptor in Regulation of Gene Expression in A. thaliana Seedlings during Continuous Irradiation
Six-day-old dark-grown seedlings of WT, phyA-101, phyB-1, and hy4 were irradiated with light from red, blue, white, or FR sources. Whole seedlings for RNA isolations were harvested after 4,12, 24, and 48 h of irradiation. These experiments were all repeated at least once, with similar results both times. Figure 3A shows representative plots of densitometric data obtained from northern blot analysis of RNA isolated from WT seedlings. In agreement with previous results (Dewdney et al., 1993) , steady-state levels of GAPA and GAPB increased more slowly and to much lower maxima in response to cR than in response to cB or cW. Under these lighting conditions, steady-state mRNA levels of GAPA, GAPB, and RBCS appeared to be coordinately regulated, reaching maxima after approximately 12 h of cB or cW, and accumulating more slowly and to lower levels (approximately 40-60% of cB or cW) under cR. The responses of GAPA, GAPB, and RBCS genes to cFR appeared to be transient; although high steady-state mRNA levels were detected within 12 h of onset of exposure to cFR (comparable to cW or cB levels in the case of GAPA and GAPB), they decreased to progressively lower levels in the 24-and 48-h samples. Figure 3B presents a set of typical results obtained from the experiments with phyA-101 seedlings. During cFR irradiation, phyA-101 seedlings were almost completely unresponsive compared to WT, phyB-1, or hy4 seedlings. The steady-state mRNA levels of phyA-101 seedlings irradiated with cFR and detected with the GAPA, GAPB, and RBCS probes showed at most only slight, transient elevations, compared with WT seedlings (Fig. 3A) and with the other mutants tested (Fig. 3, C and D) , in which substantial increases in steady-state mRNA levels were detected with all the probes. No other significant differences from WT were detected in phyA-101 seedlings in response to cR, cB, or cW.
No significant differences from WT were detected in any of our experiments with phyB-1 seedlings, using the GAPA, GAPB, and RBCS probes to northern blots (compare Fig. 3C to control WT results in Fig. 3A) .
In hy4 (Fig. 3D) , the rates of increase and the maximum detectable mRNA levels for GAPA, GAPB, and RBCS genes in response to cB or cW were essentially indistinguishable from the cR levels, in marked contrast to WT (Fig. 3A) and to the phyA-101 and phyB-1 mutants (Fig. 3 , B and C), in which the cB and cW expression levels were always much greater than those of cR (note that the apparently high expression of RBCS is an artifact of graphing; 100% on the ordinate of the hy4 RBCS plot corresponds to approximately 60-70% on the hy4 GAPA and GAPB plots). Also apparent from these results is the fact that the effect of cFR was the same in etiolated hy4 seedlings as in the phyB-2 and WT seedlings.
Fluence Responses of A. thaliana WT, hy4, and phyA-707
Seedlings
We next characterized fluence responses of the GAPA, GAPB, and RBCS genes in hy4 and WT seedlings with light from red and blue bandpass filters. In addition, CAB gene mRNA levels were measured to serve as controls for these experiments. Six-day-old etiolated seedlings received brief treatments with red or blue light over a log fluence range from 10-' to 103 @mo1 photons m?. After exposure, lighttreated plants were returned to darkness and harvested 4 h later. Duplicate aliquots of RNA were applied to nitrocellulose filters by slot blotting. After hybridization to radiolabeled probes and autoradiography, bound activity was measured with a scintillation counter. Fluence-response plots of the averages of data obtained from three to four experiments each with hy4 and WT seedlings are shown in Figure 4 , A and B. These plots show that over the range of fluences tested, the steady-state levels of GAPA, GAPB, and RBCS gene mRNAs increased in what appeared to be a Continuous Light (h) linear fashion in response to both red and blue light. No differences between ky4 and WT seedlings were detected under these light conditions. We also characterized the fluence responses of the G A P A and CAB genes in phyA-101 and WT seedlings treated with FR light, and in phyA-202 seedlings treated with red light (Fig. 4, C and D) . The most striking difference was observed between the FR light fluence responses of phyA-I01 and WT seedlings. Whereas the FR light fluence response of WT seedlings was quite similar to their red light fluence response, only slight increases in the steady-state mRNA levels of GAPA and CAB genes were detected in pkyA-101 exposed to FR light. In contrast to the FR light fluence response, the GAPA and CAB gene red light fluence responses of phyA-101 seedlings were quite similar to those of hy4 and WT seedlings (compare Fig. 4 , A-C, panels G A P A and CAB). chloroplasts in A. thaliana and other plant species (Susek and Chory, 1992) . To determine whether the G A P A and GAPB genes of A. thaliana exhibit a similar chloroplast dependence, we conducted high-fluence-rate white-light irradiation experiments with etiolated WT seedlings in the absence and presence of the herbicide Norflurazon (4-chloro-5-(methylamino)-2-[3-(~ifluoromethyl)phenyll-3~2H~-pyridazinone) (Sandoz Chemical Co., San Diego, CA). WT A . thaliana seedlings were germinated and raised in the dark in the absence or presence of 5 WM Norflurazon. Six-day-old seedlings were placed under 300 pmol photons m-2 -1 white light and samples were harvested after 4,12, and 24 h for the control experiments in the absence of Norflurazon, or after 4,12,24,48, and 72 h for experiments evaluating the effect of Norflurazon. GAPA, GAPB, and TUB probes were hybridized to northern blots of total RNA (Fig. 5) , as were RBCS, CAB, and RBCL, which were used as controls. mRNA was detected with a11 of the gene probes used, even in the dark controls (O-h time points). In the absence of Norflurazon, maximum steady-state mRNA levels of GAPA, GAPB, and RBCS were detected after 12 to 4 h of CW (Fig. 6) , comparable with results presented in this paper (see Fig. 3 ) and previously by Dewdney et al. (1993) . CAB and RBCL steady-state mRNA levels also increased significantly during the 24-h CW treatment in the absence of Norflurazon (Figs. 5 and 6 ). In the presence of Norflus razon, a11 probes (except TUB) detected greatly reduced amounts of mRNA. Steady-state mRNA levels detected with the GAPA, GAPB, and RBCS probes after 72 h of CW irradiation increased to approximately 60% of the 24-h levels attained in the absence of Norflurazon. CAB gene expression was affected by Norflurazon treatment more strongly than GAPA, GAPB, and RBCS gene expression, with CAB gene steady-state mRNA levels increasing to only approximately 20 to 25% of the maximum detected in the absence of Norflurazon (Fig. 6) . RBCL gene expression was strongly affected by the presence of Norflurazon, with steady-state mRNA levels increasing only slightly during the treatment period (Fig. 6) . hypothesis. The hy4 mutant was isolated by Koornneef et al. (1980) based on its lack of inhibition of cotyledon elongation during cB irradiation; its cR and cFR de-etiolation responses are much like those of WT seedlings. Recently, Ahmad and Cashmore (1993) isolated a gene that corresponds to the hy4 locus. Structurally, the HY4 gene encodes a flavin-binding apoprotein with homology to microbial blue-light-dependent photolyases. Their sequence analysis of several different mutant alleles of HY4 showed that mutations apparently disrupting the normal function of HY4 in A. thaliana affect residues in conserved regions of the protein; mutations to the corresponding conserved regions of microbial photolyases are also known to disrupt their activities. Genetic, structural, and functional evidence therefore exists that defines the HY4 gene product as a component of a blue-light receptor. We found that the responses of hy4 seedlings to irradiation with cR or cFR were similar to those of WT seedlings. However, the responses of hy4 seedlings to cB or cW were significantly affected (Fig. 3) . Increases in the steady-state mRNA levels of GAPA, GAPB, and RBCS genes detected in response to cB or cW in hy4 were significantly less than in WT. As a control, we hybridized an A. thaliana CAB gene probe to identical blots of RNA from the continuous-light experiments. Although this probe did not distinguish between individual members of the CAB gene family, due to the high degree of sequence homology shared among these genes (Leutwiler et al., 1986) , results obtained with it were in contrast with results obtained for GAPA, GAPB, and RBCS. The steady-state CAB gene mRNA levels detected were unaffected in hy4 compared to WT, even in response to cB or cW treatments (data not shown). It is also necessary to emphasize that the RBCS probe used in these experiments did not distinguish between members of the RBCS gene family (Krebbers et al., 1988) . Therefore, we conclude that the product of the HY4 gene is required for full expression of at least a subset of light-regulated nuclear genes of A. thaliana, including GAPA, GAPB, and one or more of the RBCS genes.
We also used an experimental approach similar to that employed by Marrs and Kaufman (1989) to distinguish between action of the blue-light photoreceptor and phytochrome. In WT seedlings, steady-state levels of GAPA, GAPB, and RBCS mRNA reached maxima after 24 h of cR Continuous White Light (h) Figure 6 . Plots of densitometric data derived from RNA gel-blot analysis of the effect of Norflurazon on light induction of photoregulated genes shown in Figure 5 . A value of 100% on the ordinate represents the maximum detected steady-state mRNA level of CAPA, CAPB, RBCS, CAB, and RBCL standardized against TUB expression levels.
www.plantphysiol.org on January 22, 2018 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 108, 1995 and remained relatively constant during an additional24 h of cR. However, when 24-h cR-irradiated WT seedlings were transferred to cB, steady-state mRNA levels of GAPA, GAPB, and RBCS genes showed increases within 4 h and reached higher maximal levels, equivalent to those attained during the 48-h cB irradiation experiments (Figs. 1 and 2) , confirming previous results (Dewdney et al., 1993) . In hy4 seedlings, steady-state mRNA levels detected with GAPA, GAPB, and RBCS probes did not increase when the 24-h red-light-saturated seedlings were exposed to an additional 24 h of cB (Figs. 1 and 2) . We have also carried out this experiment using pkyA-1 O2 and pkyB-2 seedlings; steady-state mRNA levels of the GAPA, GAPB, and RBCS genes showed responses to cR + cR and cR + cB similar to those of WT seedlings (data not shown).
The red-and blue-light fluence responses for WT and hy4 were very similar. Slightly higher amounts of GAPA, GAPB, RBCS, and CAB steady-state mRNAs were detected in response to the lowest fluence of blue light (10-' pmol photons m-') compared to the corresponding fluence of red light, but the maximum detected amounts of these mRNAs were similar for the highest fluences of red and blue light. The CAB gene(s) red-light fluence response we measured in WT and hy4 seedlings was in general agreement with results obtained by Kaufman et al. (1984) in a study of the red-light fluence response of Pisum sativum CAB genes. In addition, our results agree with those of Gao and Kaufman (1994) , who showed that steady-state levels of A. thaliana CAB mRNA increased to similar levels in WT and ky4 seedlings in response to a 1 pmol photons m-' treatment with blue light.
The HY4 product is necessary for full expression of GAPA, GAPB, and one or more of the RBCS genes in WT A. thaliana seedlings exposed to cB and CW illumination. One model to explain these results postulates that cB and CW activate both the HY4-encoded blue-light receptor pathway and a phytochrome-mediated pathway. This model is in agreement with the observation that the kinetics of the cB and CW responses in ky4 resemble those of the cR response. This model also predicts that cR should saturate the phytochrome-mediated response, and that a subsequent exposure to cB would result in an additive effect, seen as an increase in steady-state mRNA levels above the cR levels, which we observed in our cR + cB experiments (Figs. 1 and 2) with WT seedlings. Whether PhyA and PhyB participate in this regulatory response is uncertain, since our analysis of the pkyA-202 and pkyB-1 single mutants showed that they each have a WT-like response to cB and cW. This suggests that phytochromes other than PhyA or PhyB may be involved in responses to continuous light, but does not eliminate the possibility that PhyA and PhyB have overlapping or redundant functions, as suggested by Reed et al. (1994) . An alternative model for the action of cB and CW is that a family of blue-light receptors functions in gene regulation in response to blue or white light. Evidence in support of the existence of a family of blue-light receptors in plants was cited by Ahmad and Cashmore (1993) . Indeed, one interpretation of the blue-light fluence responses of the GAPA, GAPB, and RBCS genes is that a different (from that encoded by HY4) blue-light receptor responds to these fluences of blue light. Still a third possibility is that both hypotheses are correct, and that cB and CW act through a combination of phytochrome(s), the HY4-encoded blue-light receptor, and one or more additional, as yet unidentified, blue-light receptors. Characterization of the responses of other blue-light-unresponsive mutants, such as the blu mutants described by Liscum and Hangarter (1991) , of other alleles of ky4, or of double mutants such as pkyAlhy4 or pkyBlhy4, could be informative in further analyzing the roles of photoreceptors in regulation of gene expression in A. thaliana and in distinguishing between the models proposed here.
The cFR HIR of GAPA, GAPB, RBCS, and CAB Cenes 1s
Mediated by PhyA
In a previous study (Dewdney et al., 1993) , we hypothesized the involvement of PhyA in the regulation of the GAPA and GAPB genes in response to cFR irradiation. Here we have presented results from an analysis of a pkyA mutant that support that hypothesis. The A. tkaliana mutant pkyA-102 used in this study was isolated by Parks and Quail (1993) as a HY locus in which seedlings developed as etiolated seedlings when grown under cFR illumination, and exhibited normal development under cR illumination. Immunologically detectable PhyA is absent in phyA-201. PhyA is well documented as the highly abundant, light-labile phytochrome found in etiolated seedlings (Quail, 1991) . Parks and Quail(1993) proposed that PhyA serves as the principle photoreceptor for cFR and mediates the HIR to cFR.
When 6-d-old pkyA-201 seedlings were exposed to cFR, steady-state mRNA levels detected with the GAPA, GAPB, RBCS, and CAB probes increased only slightly from the dark control levels during the 48-h light treatment (Fig. 3) . In marked contrast, the mRNA levels detected with these probes in WT seedlings exposed to cFR increased greatly within 12 h of the onset of irradiation (Fig. 3) . In addition, we analyzed the cFR response of other members of the HY class of A. thaliana mutants. In phyB-2, first isolated as the ky3-Bo63 allele by Koornneef et al. (1980) and subsequently shown to have a mutation to the PHYB gene , the response to cFR was essentially indistinguishable from that of WT seedlings (Fig. 3) . We also measured the FR light fluence responses of the GAPA and CAB genes in WT and pkyA-202 seedlings. Although phyA-1 O2 seedlings exhibited a WT-like fluence response to red light, only a slight increase in the abundance of GAPA mRNA was detected in response to FR light, and no change in the abundance of CAB mRNA was observed. Therefore, our results provide additional evidence that PhyA, whose apoprotein is encoded by the PHYA gene of A. tkaliana, is responsible for mediating the HIR to cFR.
Photooxidative Destruction of Chloroplasts Exerts Differential Effects on Expression of Light-Regulated Nuclear Genes in A. fhaliana
In considering the extrinsic and intrinsic factors that participate in regulation of plant gene expression, an added dimension of complexity is the relationship that exists between the nuclear and plastid genomes of plant cells. Recent reviews (Oelmiiller, 1989; Taylor, 1989; Susek and Chory, 1992) discuss the coordination of accumulation of plastid-and nuclear-encoded proteins in chloroplasts and consider regulatory pathways that might participate in this coordination. It is interesting that Susek et al. (1993) have identified recessive nuclear gene mutations (gun alleles) in A. thaliana in which expression of CAB and RBCS genes is independent of chloroplast functional state. In WT seedlings treated with the herbicide Norflurazon, carotenoid synthesis is blocked and high-fluence-rate white light causes photooxidative damage to chloroplasts (Chamovitz et al., 1991) . Under these conditions greatly decreased amounts of mRNA of genes such as CAB and RBCS are detectable. The gun mutants have high levels of expression of these genes in light-grown plants with nonfunctional chloroplasts (Susek et al. (1993) .
To examine whether expression of the GAPA and GAPB genes of A. thaliana is dependent on chloroplast function, we characterized their expression under photobleaching conditions. In the presence of Norflurazon, steady-state levels of GAPA, GAPB, and RBCS mRNA increased much more slowly during 72 h of CW treatment, reaching approximately 60% of the maximum levels detected after only 12 to 24 h of CW in the absence of the herbicide (Fig. 6) . Expression of the CAB and RBCL genes was more strongly affected by Norflurazon than was GAPA, GAPB, or RBCS expression. Steady-state levels of CAB and RBCL mRNAs increased to only approximately 20 to 25% of their maximum levels detected in the absence of Norflurazon (Fig. 6) . We also examined the effect of Norflurazon on the expression of three other nuclear genes. Steady-state mRNA levels detected with the TUB and pATP probes and with an A. thaliana GAPC probe (the nuclear gene encoding the cytosolic isozyme of GAPDH; Shih et al., 1991) were unaffected by Norflurazon (PATP and GAPC data not shown).
To our knowledge this is the first time that expression of the GAPA or GAPB genes of a higher plant have been characterized under chloroplast photobleaching conditions. Under these conditions steady-state mRNA levels of GAPA, GAPB, and RBCS genes reached approximately 60% of their normal abundance, suggesting that their full expression requires the presence of functional chloroplasts. We cannot completely rule out the possibility that the reduction in GAPA and GAPB steady-state mRNA levels observed in the Norflurazon-treated seedlings was due to some cause other than photooxidative damage to chloroplasts. Additional experiments, such as inhibiting chloroplast transcription (Rapp and Mullett, 1991) or analysis of GAPA and GAPB gene expression in A. thaliana gun mutants (Susek et al., 1993) , could help distinguish between these possibilities. In our experiments we detected greater levels of RBCS, CAB, and RBCL expression under the photobleaching conditions used in these experiments than others have reported for A. thaliana. We grew seedlings (in the absence or presence of Norflurazon) to the 6-d stage in darkness prior to the onset of treatment with high-fluencerate white light. In 6-d-old etiolated seedlings, mesophyll cell plastids undergo differentiation into etioplasts, characterized by the presence of prolamellar bodies and the lack of Chl and parallel or stacked thylakoid membranes (Wellburn, 1984) . Chloroplasts that have attained this degree of development may be competent to modulate nuclear gene expression. However, we have also analyzed GAPA, GAPB, RBCS, and CAB gene expression in A. thaliana seedlings grown in the presence of 5 p ,~ Norflurazon for 7 d from germination under the same light fluence rate and found similarly elevated levels of steady-state mRNA for these genes (data not shown). In addition, plastids in cotyledons of seedlings grown in the presence and absence' of Norflurazon under the lighting conditions used in our experiments were examined by transmission EM. Plastids in plants grown under photobleaching conditions failed to develop thylakoid membranes and appeared similar to those shown by Susek et al. (1993) in A. thaliana and by Oelmiiller et al. (1986) in Sinapis alba. Normal chloroplast development occurred in cotyledons of control seedlings (data not shown). The slight differences between our results and those of other authors may be due to greater mRNA detection sensitivity or to differences in lighting or cultural conditions.
CONCLUSIONS
We analyzed expression of the photoregulated genes GAPA and GAPB in A. thaliana seedlings in order to characterize the role of different photoreceptors in their responses to different spectral ranges of visible light and to determine whether their expression is coupled to chloroplast development. We showed that the blue-light receptor moiety encoded by the HY4 gene of A. thaliana is required for full expression of the GAPA, GAPB, and one or more of the RBCS genes in response to continuous blue-or white-light irradiation. The HIR to cFX is regulated by PhyA, as shown by the loss of expression of GAPA, GAPB, RBCS, and CAB genes in response to cFX irradiation in a phyA nu11 mutant of A. thaliana. Steady-state mRNA levels of GAPA, GAPB, and RBCS genes increased normally during cR irradiation in both phyA and phyB single mutants. Finally, the light-regulated expression of the GAPA and GAPB genes of A. thuliana, like that of RBCS and CAB genes, exhibits a requirement for the presence of functional chloroplasts in order for full gene expression to occur. Experimental conditions that induce photooxidative destruction of chloroplasts lead to significantly reduced gene expression levels.
